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Witnessing quantum effects in the gravitational field is found to be exceptionally difficult in
practice due to lack of empirical evidence. Hence, a debate is going on among physicists whether
gravity has a quantum domain or not. There had been no successful experiments at all to show the
quantum nature of gravity till two recent independent works by Bose et al. [Phys. Rev. Lett. 119,
240401 (2017)] and by Marletto and Vedral [Phy. Rev. Lett. 119, 240402 (2017)]. The authors
have proposed schemes to test the quantumness of gravity in two small test masses by entangling
two spatially separated objects using gravitational interactions. They provide a method to witness
the entanglement using spin correlation measurements, which could imply evidence for gravity being
a quantum coherent mediator. Here we propose a simulational model by providing a new quantum
circuit for verifying the above schemes. We simulate the schemes for the first time in IBM’s 5-qubit
quantum chip ‘ibmqx4’ by developing a quantum system which shows effects analogous to quantum
gravity and calculates the degree of entanglement of the spin correlation. The entanglement witness
over a range is obtained for different experimental parameters.
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Introduction.- The quantum theory and general rela-
tivity claim to be universally applicable with high ac-
curacy in their respective domains. However, merging
them into a unique theory so called quantum gravity had
been a great challenge in contemporary physics [1, 2].
Though, physicists have already made a tremendous ef-
fort to achieve this goal [3–5], due to critical challenges
and conceptual difficulties, it has been in vain [6–8]. Wit-
nessing quantum effects like entanglement in the domain
of gravity has been extremely difficult due to very weak
gravitational interaction. Even in the past, it has been
claimed that detection of graviton is impossible to real-
ize physically [9, 10]. Hence, the lack of experimental
detection of quantisation of gravity has led the scientific
community question whether gravity has a quantum do-
main [11–13].
The interaction of gravity has been observed at smaller
distances and small time scales [14], hence opening a chal-
lenge to test whether gravity can be considered as a quan-
tum entity or not. A number of cosmological models have
been attempted, however, it has not been confirmed yet
with conclusive experimental evidence [15–18]. Physi-
cists even have argued that gravity may not be a funda-
mental force [19, 20] and its quantisation is not needed
[21]. According to Ronsenfeld, introducing gravitation
into a general quantum field theory is an open problem
due to the lack of empirical evidence though it is not
difficult to develop mathematical model of quantum for-
malism for gravitation [22].
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For illustrating quantum nature of gravity, Bronstein
[23, 24] and Feynman [25] have taken initiatives to pro-
pose experimental schemes. The idea of preparing a test
mass in superposition of two different locations and then
interacting with the gravitational field [26–32] has been
started to take hold. The thought experiment proposed
by Feynman required a full interference of the mass that
could stop applying at a certain scale which consequently
leads to the discovery of a new law of nature [33, 34].
The proposed interference was not enough to demon-
strate the quantum effect of the gravitational field, as
it could be performed by a classical gravitational field
such as Collela-Overhauser-Werner (COW) experiment
[35]. Some other prominent examples have also been en-
countered where gravitational redshift caused by Earth’s
gravitational field which is completely classical in nature
[36–38]. From the above observation, it can be concluded
that gravitationally induced phase in a quantum state
does not imply the quantisation of gravity. Rather it is
needed to verify that the gravitational field exists in a
quantum superposition of two different values. Though
there are many theoretical models of quantum gravity,
none have been able to give any empirical evidence so far.
Due to the weakness of gravity, it is extremely hard to
study gravitational interactions between two test masses
directly in any laboratory environment. This is where
the use of quantum entanglement [39] comes into play.
Entanglement is a very unique quantum phenomenon.
Once entangled, systems can no longer be written as a
factorized tensor product of individual quantum states.
This essentially means that entangled systems share a
certain type of correlation that can be witnessed, even if
the states are spatially separated [40]. Bose et al. [41]
and Marletto and Vedral [42] have designed similar ex-
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2periments based on the principle that two entangled ob-
jects always need a quantum mediator. Their proposal
provides a much simpler yet elegant methodology for wit-
nessing quantum nature of gravity. The scheme proposed
by Marletto and Vedral [32] gives a proof-of-principle for
a field to have quantum effect. It states that if two quan-
tum systems each in superposition of two different places
become entangled through an interaction with a third
system, then the third system is said to be a quantum
entity.
Scheme.- The scheme proposed by Bose et al. [41] re-
quires two mesoscopic test masses of mass m1 and m2. A
quantum mechanical phase Eτ~ is being induced, where
E=Gm1m2d ; d is the spatial separation between the two
test masses and τ is the interaction time, to the system
which suffices for gravitational interaction entangling the
two masses. It is assumed that the gravitational interac-
tion is mediated by the gravitational field and that en-
tanglement cannot be created using local operations and
classical communication (LOCC) [39, 41]. Thus only the
mutual gravitational interaction entangles the state im-
plying that the mediating gravitational field has to be
quantised. The state evolution is given by the following
expressions.
|Ψ(t = 0)〉12 = 1√
2
(|0〉1 + |1〉1) 1√
2
(|0〉2 + |1〉2)
=
1
2
(|00〉12 + |01〉12 + |10〉12 + |11〉12)
→ |Ψ(t = τ)〉12 = 1
2
(eiφ|00〉12 + eiφLR |01〉12 (1)
+eiφRL |10〉12 + eiφ|11〉12)
=
eiφ√
2
{|0〉1 1√
2
(|1〉2 + ei∆φLR |1〉2)
+|1〉1 1√
2
(ei∆φRL |0〉2 + |1〉2)} (2)
where, ∆φRL = φRL − φ,∆φLR = φLR − φ and
φRL ∼ Gm1m2τ~(d−∆x) , φLR ∼ Gm1m2τ~(d+∆x) , φ ∼ Gm1m2τ~d
are the gravitational phases and |0〉 and |1〉 are the two
spatially separated states for the masses and ∆x is the
separation between the centres of |0〉 and |1〉.
Clearly, |Ψ(t = τ)〉12 is not factorizable and hence is an
entangled state of the two “orbital qubits” 1√
2
(|L〉2 +
ei∆φLR |R〉2) and 1√2 (ei∆φRL |L〉2 + |R〉2) where the en-
tanglement is created due to the gravitational interac-
tions only (neglecting the short-range Casimir-Polder
force [43]).
Stern-Gerlach Interferometry is used on the test masses
with embedded spins to create a superposition of spa-
tially separated state and hence the orbital entanglement
is naturally mapped to the spin entanglement. The spin
entanglement witness is then measured in two comple-
mentary bases.
Let |0˜〉 and |1˜〉 corresponds to the up and down spin state
respectively and the centre of mass state of the test mass
mi is |C〉i = 1√2 (|0〉i + |1〉i).
So, a spin dependent spatial splitting of |C〉 in a non ho-
mogeneous magnetic field obeys the state evolution–
|C〉i 1√2 (|0˜〉i + |1˜〉i)→ 1√2 (|00˜〉i + |11˜〉i)
Then this coherent state is held for time τ , where τ is
the coherence time, by switching off the magnetic field of
the Stern-Gerlach apparatus for time τ .
The final step is to bring back the superposition using
unitary Hadamard transformation of the mass state by
refocusing the magnetic field in the opposite direction.
|00˜〉i → |C, 0˜〉i, |0, 0˜〉i → |C, 0˜〉i
The overall state evolution of this mass-spin system is
therefore–
|Ψ(t = 0)〉12 = 1√
2
(|0〉1 + |1〉1) 1√
2
(|0〉2 + |1〉2)|0˜0˜〉12
=
1
2
(|000˜0˜〉1212 + |010˜0˜〉1212 + |100˜0˜〉1212 + |110˜0˜〉1212)
(3)
→ |Ψ(t = tEnd)〉12 = 1
2
|C〉1|C〉2(eiφ|0˜0˜〉12 + eiφLR |0˜1˜〉12
+eiφRL |1˜0˜〉12 + eiφ|1˜1˜〉12)
=
eiφ√
2
.|C〉1|C〉2{|0˜〉1 1√
2
(|1˜〉2 + ei∆φLR |1˜〉2)+
|1˜〉1 1√
2
(ei∆φRL |0˜〉2 + |1˜〉2)}
(4)
Thus an entangled state of the spins of the two masses
is obtained. The entanglement witness W = |〈σ(1)x ⊗
σ
(2)
z 〉+ 〈σ(1)y ⊗ σ(2)y 〉| is calculated by measuring the spin
correlations in two complementary bases. If W > 1, the
states are entangled thus the mediating gravitational field
is quantised.
Experimental setup.- IBM has built 5-qubit and 16-
qubit quantum computers publicly available using a
cloud server [44]. Researchers around the globe, are us-
ing it to verify several quantum algorithms and simula-
tion of quantum mechanical processes [45–61]. We use
IBM’s 5-qubit quantum computer ‘ibmqx4’ to simulate
the scheme. The experimental architecture of the chip
‘ibmqx4’ is given in Table I, where gate and readout er-
rors, coherence and relaxation time of qubits are pre-
sented.
3Qubits T †1 (µs) T
‡
2 (µs) GE
|| (10−3) RE⊥ (10−2)
q[0] 50.81 14.70 0.86 4.80
q[1] 50.00 64.60 1.46 5.30
q[2] 47.90 45.00 1.29 9.80
q[3] 37.40 15.10 3.44 5.70
† Coherence time, ‡ Relaxation time, || Gate Error, ⊥ Readout Error.
TABLE I. The table details the experimental parameters of the quantum chip ‘ibmqx4’.
|0〉 H X Rz(φ2 ) X Rz(−φLR2 ) 1
|0〉 H X Rz(φ2 ) Rz(−φ2 ) X Rz(φLR2 ) Rz(φLR2 ) 2
∣∣0˜〉 H H 3
∣∣0˜〉 H H 4
a) b) c) d)
1 X Rz(−φRL2 ) X Rz(φ2 ) H
2 X Rz(
φRL
2 ) Rz(
φRL
2 ) X Rz(
φ
2 ) Rz(−φ2 ) H
3 ↗
4 ↗
e) f) g)
FIG. 1. Quantum circuit for simulating the scheme. |0〉 and |0˜〉 denotes the mass quantum states and the spin quantum
states respectively. Step a: we create superposition of both mass and spin quantum states using Hadamard gates. Step b:
we entangle the mass qubit with the corresponding spin qubit of either of the test masses. Step c, d, e, f: we introduce the
gravitational phase to the system via ‘LOCC’. Step g: we disentangle mass and the spin qubits and then measure the spin
qubits in two complementary bases to calculate entanglement witness W. The detailed decomposition of the quantum circuit
is explained in the Supplemental material .
Quantum circuit.- We propose a quantum circuit to
implement the scheme in ‘ibmqx4’. We take two pair of
entangled qubits each corresponding to one test mass par-
ticle where the first qubit of each pair denotes the mass
eigenstate and the second one denotes the spin eigen-
states. Then we introduce the gravitational phases to the
system using a set of unitary operations. Finally, these
phases thus entangle the mass qubits. By measuring the
spin qubits in two complementary bases, we calculate the
entanglement witness (W).
Result Analysis.- By varying the value of ∆φLR +
∆φRL, we take different measurements in two comple-
mentary bases. We plot a curve between entanglement
witness (W) and ∆φLR + ∆φRL to get the range of val-
ues of the phase for which W >1 i.e. the masses are
entangled. We find that for the range 2.9113 < ∆φLR +
∆φRL < 4.2647, the masses are entangled. We set
the gravitational phase values φRL ∼ Gm1m2τ~(d−∆x) , φLR ∼
Gm1m2τ
~(d+∆x) , φ ∼ Gm1m2τ~d accordingly to achieve the desired
∆φLR + ∆φRL values for the simulation.
We know that Casimir-Polder interaction can also in-
troduce phases mimicking the effects of gravitational in-
teraction [43]. To minimize this effect, the distance of
closest approach (d−∆x) should be ∼ 200µm, for which
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FIG. 2. Entanglement Witness (W) vs ∆φLR + ∆φRL
plot. Data points in the upper half of the horizontal red line
denotes entangled states. The section of the x-axis in between
two vertical green lines are the corresponding ∆ΦLR + ∆φRL
values for which the state is entangled.
the Casimir-Polder potential is negligible [41]. Also,
4the expression ∆φLR + ∆φRL 6= 2npi should hold.
As proposed by Bose et al. [41], we take m1,m2 ∼
10−14 kg, d = 450 µm and ∆x = 250 µm for the simu-
lation. [As interferometry in this mass scale have been
proposed [62]]. we can now vary the coherence time (τ) to
get different phases. From the quantum simulation, we
observed that for 46.7439s < τ < 68.4742s the masses
are entangled. Now, given current technology, it is diffi-
cult to ensure this much coherence time in the real ex-
periment. Also, with long coherence time, there can be
direct spin-spin dipolar interaction.
Alternatively, as Marletto and Vedral [42] suggested,
we can take the masses as m1,m2 ∼ 10−12 kg, by us-
ing massive molecules, two split Bose condensates or two
nanomechanical oscillators [63–65]. Thus, required co-
herence time is reduced to 0.4674s< τ <0.6847s which is
quite feasible using current technology.
Summary.- To conclude, we have simulated the quan-
tumness of gravity using IBM quantum computer ‘ib-
mqx4’. We have designed a quantum circuit for the first
time which essentially verifies the schemes proposed by
Bose et al. [41] and Marletto and Vedral [42] in a quan-
tum system that uses superconducting qubits and stud-
ied the entanglement characteristics. Under some specific
parameters, this quantum system is analogous to quan-
tum gravity and shows similar experimental outcomes.
We observed that the degree of entanglement substan-
tially increased and then decreased over a range of phase
value. We have taken specific phase values to maximize
this entanglement. Recently, there has been an argument
[66] that this scheme does not prove the quantumness
of gravity, as gravitational degrees of freedom used in
this scheme are the pure gauge that has neither classical
nor quantum physical content. So, whether gravity is a
quantum entity or not still remains as an open question.
Nevertheless, our attempt is to experimentally realize the
scheme and give an analogue gravitational approach to it
by observing a quantum system that has effects similar
to that of quantum gravity. In future, these results can
be improved by using a quantum computer with higher
processing capacity and which can ensure a longer coher-
ence time. If we can push beyond our current technolog-
ical constraints, hopefully, we will be able to verify the
quantum nature of gravity in a laboratory based experi-
ment.
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6SUPPLEMENTAL MATERIAL: A SIMULATIONAL MODEL FOR WITNESSING QUANTUM EFFECTS
OF GRAVITY USING IBM QUANTUM COMPUTER
I. INTRODUCTION OF GRAVITATIONAL PHASES IN THE SYSTEM
FIG. 3. Proposed quantum circuit for introducing gravitational phases to the system. Here ‘U’ is the rotation
operator corresponding to the matrix U. |0〉 and |0˜〉 denote the mass quantum states and the spin quantum states respectively.
Step a: we create superposition of both mass and spin quantum states using Hadamard gates. Step b: we entangle the mass
qubit with the corresponding spin qubit of either of the test masses. Step c: we introduce the gravitational phase to the
system. Step d: we disentangle mass and the spin qubits and then measure the spin qubits.
We have a 4-qubit system where we need to introduce the gravitational phases in the first 2 qubits. The corre-
sponding unitary matrix is
U =

eiφ 0 0 0
0 eiφLR 0 0
0 0 eiφRL 0
0 0 0 eiφ

The corresponding circuit is shown in Fig. 4. We need to decompose this matrix into simpler unitary matrices that
can be directly applied in IBM quantum computer [1, 3]. We decompose ‘U’ into 4 matrices such that,
U4U3U2U1U = I (5)
⇒ U = U†4U†3U†2U†1 (6)
We now have decomposed matrices as,
U†1 =
e
iφ 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
 , U†2 =
1 0 0 00 eiφLR 0 00 0 1 0
0 0 0 1
 , U†3 =
1 0 0 00 1 0 00 0 eiφRL 0
0 0 0 1
 and U†4 =
1 0 0 00 1 0 00 0 1 0
0 0 0 eiφ

7FIG. 4. Circuit corresponding the four unitary matrices [2]. Case a: circuit corresponding to U†1 , Case b:, circuit
corresponding to U†2 , Case c:, circuit corresponding to U
†
3 , Case d:, circuit corresponding to U
†
4 .
We decompose the matrix further using Hadamard, Pauli X, CNOT and Phase (RZ(φ)) gates. Thus it can finally be
implemented in IBM quantum computer. Here, RZ(φ) is the unitary rotation operator for implementing in ‘ibmqx4’.
RZ(φ) =
[
1 0
0 eiφ
]
We measure the spin qubits in two complementary bases to calculate the entanglement witness (W) = |〈σ(1)x ⊗σ(2)z 〉+
〈σ(1)y ⊗ σ(2)y 〉|. The standard measurement basis for quantum chip ‘ibmqx4’ is σz. Hence for measuring in σz basis we
add no further gate. To measure in σx basis we apply a Hadamard gate and for σy basis we apply one S
† and then a
Hadamard gate before measurement.
II. QUANTUM CIRCUIT AND QASM CODE USED IN ‘IBMQX4’
FIG. 5. Circuit as implemented in IBM quantum computer ‘ibmqx4’. Here ‘q[0]’ and ‘q[2]’ are the mass qubits and
‘q[1]’ and ‘q[3]’ are the respective spin qubits.
8The QASM code of the circuit used in the simulation is presented below.
OPENQASM 2 . 0 ;
i n c lude ” q e l i b 1 . inc ” ;
qreg q [ 5 ] ;
c reg c [ 5 ] ;
#Creat ing equal s upe rpo s i t i on s t a t e and entang l ing mass qub i t s with cor re spond ing sp in qub i t s
h q [ 1 ] ;
h q [ 3 ] ;
cx q [ 1 ] , q [ 0 ] ;
cx q [ 3 ] , q [ 2 ] ;
h q [ 0 ] ;
h q [ 1 ] ;
h q [ 2 ] ;
h q [ 3 ] ;
#Int roduc ing g r a v i t a t i o n a l phase to the system
x q [ 0 ] ;
x q [ 2 ] ;
u1 (3 .3870967742) q [ 0 ] ;
cx q [ 2 ] , q [ 0 ] ;
u1 (−3.3870967742) q [ 0 ] ;
cx q [ 2 ] , q [ 0 ] ;
u1 (3 .3870967742) q [ 2 ] ;
x q [ 0 ] ;
x q [ 2 ] ;
u1 (2 .1774193549) q [ 0 ] ;
u1 (−2.1774193549) q [ 2 ] ;
cx q [ 2 ] , q [ 0 ] ;
u1 (2 .1774193549) q [ 0 ] ;
cx q [ 2 ] , q [ 0 ] ;
x q [ 0 ] ;
x q [ 2 ] ;
u1 (6 .0967741935) q [ 0 ] ;
u1 (−6.0967741935) q [ 2 ] ;
cx q [ 2 ] , q [ 0 ] ;
u1 (6 .0967741935) q [ 0 ] ;
cx q [ 2 ] , q [ 0 ] ;
x q [ 0 ] ;
x q [ 2 ] ;
u1 (3 .3870967742) q [ 0 ] ;
cx q [ 2 ] , q [ 0 ] ;
u1 (−3.3870967742) q [ 0 ] ;
cx q [ 2 ] , q [ 0 ] ;
u1 (3 .3870967742) q [ 2 ] ;
#Disentang l ing The mass qub i t s from the cor re spond ing sp in qub i t s .
cx q [ 1 ] , q [ 0 ] ;
cx q [ 3 ] , q [ 2 ] ;
h q [ 0 ] ;
h q [ 2 ] ;
#Measuring the sp in qub i t s
measure q [ 1 ] −> c [ 1 ] ;
measure q [ 3 ] −> c [ 3 ] ;
qgs QASM.py
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